The relation between left ventricular (LV) hypertrophy and LV function is well known. However, less is known about the vascular changes influenced by LV geometry. We sought to investigate the relationship of LV geometry to carotid arterial and LV function. A total of 476 hypertensive patients were prospectively recruited. All subjects underwent echocardiography and carotid ultrasound. LV geometry is categorized into four groups according to relative wall thickness (RWT) and LV mass index (LVMI). Concentric LV geometry was associated with increased carotid intima-media thickness (IMT), b-stiffness, and lower strain. All of the carotid parameters showed a stepwise change according to RWT of LV, whereas LV function was worse in hypertrophic geometry, as reflected by significantly lower systolic mitral annular velocity, higher left atrial volume index and E/E 0 ratio (Po0.001). By multivariate analysis after adjustment for clinical and laboratory parameters, IMT was independently associated with RWT, whereas myocardial function was independently associated with LVMI. Carotid arterial function and IMT showed worse values in concentric geometry, whereas LV systolic and diastolic function were worse in hypertrophic geometry, suggesting a discrepancy between carotid arterial and LV function in hypertensive patients. 1 --3 Arterial hypertension encompasses a large range of interactions between volume and pressure overloads, producing a very large spectrum of possible LV adaptations. Generally accepted cutoff points provide three geometric patterns of abnormal LV; concentric LV hypertrophy (LVH), eccentric LVH and concentric remodeling. LVH in hypertensive patients is an important and independent predictor of cardiovascular mortality, 4,5 and lowering LV mass by antihypertensive treatment is associated with lower rates of cardiovascular events. Interestingly, LV geometry appears to be just as important a predictor of mortality; concentric LVH confers a worse prognosis than eccentric LVH, and concentric remodeling of the LV has been reported to impart increased cardiovascular risk compared to normal geometry.
INTRODUCTION
Abnormal left ventricular (LV) geometry has been noted in hypertensive patients as a consequence of LV adaptation to the hemodynamic, humoral and hormonal changes accompanying systemic hypertension. 1 --3 Arterial hypertension encompasses a large range of interactions between volume and pressure overloads, producing a very large spectrum of possible LV adaptations. Generally accepted cutoff points provide three geometric patterns of abnormal LV; concentric LV hypertrophy (LVH), eccentric LVH and concentric remodeling. LVH in hypertensive patients is an important and independent predictor of cardiovascular mortality, 4, 5 and lowering LV mass by antihypertensive treatment is associated with lower rates of cardiovascular events. Interestingly, LV geometry appears to be just as important a predictor of mortality; concentric LVH confers a worse prognosis than eccentric LVH, and concentric remodeling of the LV has been reported to impart increased cardiovascular risk compared to normal geometry. 6 --8 The structural and functional alterations in the common carotid artery have been noted in hypertensive patients. Reduced shear stress and a negative relationship between shear stress and carotid intima-media thickness (IMT) had been noted in patients with hypertension and LVH. 9, 10 Low shear stress has been suggested as a mechanism that leads to atherosclerosis in these patients. 9 From MESA study, 11 different clinical manifestations related with different LV geometry were noted, and cardiovascular outcomes and cerebrovascular outcomes were related to different LV parameters. Incident coronary heart disease was more closely related to LV volume than LV mass, whereas incident stroke was positively associated with body size-adjusted LV mass but not LV volume. Different loading conditions in hypertensive patients cause changes in LV geometry and functional properties of arterials walls, which are reflected by various parameters.
Due to complex interactions and adaptations to hemodynamics in hypertensive patients, 12, 13 different LV geometrical changes may be associated with different adaptive patterns of cardiac and carotid parameters. In the present study, we sought to determine the different patterns of LV and carotid artery parameters in response to geometrical changes of LV in hypertensive patients.
MATERIALS AND METHODS

Study population
The patients were recruited prospectively. A total of 1151 consecutive patients who had sinus rhythm underwent routine echocardiogram and carotid ultrasound between June 2007 and July 2008 at the cardiology clinic. All patients were referred from outpatient clinic for evaluation of cardiovascular disease after careful history taking. Of these, patients with a blood pressure of X140/90 (or X135/85 in diabetes) or taking antihypertensive medication were included. Patients with acute coronary syndrome or acute stroke, age o16 years or 485 years, patients with secondary hypertension, LV systolic dysfunction (ejection fraction o50%) or valvular heart disease of more than mild degree were excluded, and a total of 476 patients were included in the final analysis. All patients were free of congenital heart disease and arrhythmia. Blood pressure was measured at the time of echocardiography. Hypertension was defined according to the Seventh Report of the Joint National Committee on the Detection, Evaluation, and Treatment of High Blood Pressure.
14 Diabetes was defined as fasting glucose X126 mg dl À1 or use of hypoglycemic medication. The study protocol was reviewed and approved by the Institutional Review Board of Seoul National University Bundang Hospital. )} þ 0.6, where LVEDD represents LV enddiastolic dimension, IVSd represents interventricular septal thickness and PWd represents posterior wall thickness, 15 and indexed to body surface area to obtain LV mass index (LVMI). Relative wall thickness (RWT) was calculated as (2 Â PWd)/LVEDD. The RWT and LVMI were used to categorize patients into four groups according to LV geometry, with cutoff values of 0.42 for RWT and 115 g m À2 (men) or 95 g m À2 (female) for LVMI. The four LV geometrical patterns could be grouped into two categories based on adaptive changes of LV. Concentric LV geometry included concentric remodeling and concentric hypertrophy of LV, while hypertrophic LV geometry included eccentric hypertrophy and concentric hypertrophy.
Carotid ultrasound of the right and left common carotid arteries was performed and stored digitally on magneto-optical disk, then analyzed offline with EchoPAC PC (GE). The mean values for both common carotid arteries were used for analysis. IMT was defined as the average value of 200 points from carotid bulb to 10 mm proximal to the bulb, and was measured at the R wave on electrocardiogram. Image for measuring IMT was obtained using 10-MHz linear-array probe in one cycle, and after image acquirement, IMT was tracked using EchoPAC PC automatically. We used the mechanical indices of carotid artery as carotid arterial function; luminal strain, Peterson's elastic modulus, b-stiffness and distensibility were calculated using the following formulae:
Luminal strain ð%Þ ¼ ½ðDs À DdÞ=DdÞÂ100 where Ds(d) is the carotid artery dimension at systole (diastole) and DBP is the diastolic blood pressure.
Statistical analysis
Continuous variables are expressed as mean ± s.d., and categorical variables as frequencies and percentages. Analysis of variances was performed to compare continuous variables of different groups, and Scheffe's analysis was used for post-hoc analysis. Linear regression analysis was used to compare relationships between continuous variables. General linear model analysis was done to find independent parameters associated with carotid IMT, longitudinal myocardial function (S 0 ), or LV diastolic function reflected by left atrial volume index (LAVI), with adjustment of various parameters. All statistical analyses were performed with statistical software package (SPSS 17.0, SPSS Inc, Chicago, IL, USA) and a P-value of o0.05 was considered statistically significant.
RESULTS
Baseline characteristics are shown in Table 1 , and echocardiographic and carotid parameters according to LV geometry are shown in Table 2 . Patients were grouped according to LV geometry; 228 patients (47.9%) showed normal geometry, 52 patients (10.9%) showed eccentric hypertrophy, 93 patients (19.5%) showed concentric remodeling and 103 patients (21.6%) showed concentric hypertrophy. Obesity, presence of diabetes mellitus and dyslipidemia were not significantly different among the four groups; however, the patients with concentric hypertrophy were older and exhibited higher carotid IMT and b-stiffness, and lower carotid artery strain and distensibility than other groups.
Carotid arterial and LV function according to LV geometry As shown in Table 2 , carotid IMT, stiffness and Peterson's elastic modulus were significantly higher in groups with concentric LV geometry (Figure 1 ), whereas carotid strain and distensibility were significantly lower. Carotid IMT increased, and carotid strain and distensibility decreased according to LV geometry in the following order: normal, eccentric hypertrophy, concentric remodeling and concentric hypertrophy. Although concentric geometry was associated with worse carotid parameters, LV systolic and diastolic function showed different patterns, with worse values associated with hypertrophic geometry. Systolic mitral annular velocity (S 0 ), which reflects LV longitudinal systolic function, was significantly lower in patients with hypertrophic LV geometry (Figure 2) . LV diastolic function, reflected by parameters such as early diastolic mitral annular velocity (E 0 ), LAVI and E/E 0 ratio, were significantly worse in patients with hypertrophic geometry (Table 2) . LV function showed stepwise changes from normal to concentric remodeling, eccentric hypertrophy and concentric hypertrophy, with the worst values associated with concentric hypertrophy.
Multivariate analysis to predict IMT and myocardial function Multivariate analysis was performed to identify the independent parameters associated with carotid IMT, longitudinal myocardial function (S 0 ) or LV diastolic function (LAVI). After adjustment for blood pressure, heart rate, use of b blocker, stroke volume, cholesterol, triglyceride, high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, creatinine and LVMI, carotid IMT was independently associated with RWT (b ¼ 0.416, P ¼ 0.004), age (b ¼ 0.004, Po0.001) and fetal bovine serum (FBS; b ¼ 0.001, P ¼ 0.002). However, S 0 , which reflects myocardial function, was associated with LVMI, age and stroke volume, after adjustment for blood pressure, heart rate, use of b blocker, cholesterol, triglyceride, HDL-cholesterol, LDL-cholesterol, creatinine, FBS and RWT (Table 3) . LAVI, an index for diastolic heart function, also showed significant association with LVMI (b ¼ 0.169, P ¼ 0.002), FBS (b ¼ 0.072, P ¼ 0.007) and HDL-cholesterol (b ¼ 0.144, P ¼ 0.046) after adjustment with blood pressure, heart rate, use of b blocker, stroke volume, cholesterol, triglyceride, LDL-cholesterol, creatinine and RWT.
DISCUSSION
LVH is a cardinal manifestation of preclinical cardiovascular disease. LV remodeling not only causes intracardiac changes, but also is associated with extracardiac organ damage. 16, 17 For example, Bluemke et al. 11 reported that body-size-adjusted LV mass predicted incident heart failure, whereas concentric ventricular remodeling predicted incident stroke and coronary heart disease.
The correlations between LV function and LV geometrical changes have been studied previously. However, changes in parameters of carotid artery according to different LV geometries had not been studied, with comparisons to patterns of cardiac parameters. In this study, it was interesting not only to see the serial changes of carotid parameters in different LV geometrical patterns, but also the different adaptive patterns of cardiac and carotid parameters according to geometrical changes.
Our results also reveal different patterns of carotid and cardiac adaptation in regard to LV geometry. Carotid parameters exhibit stepwise increases or decreases as increase in RWT, whereas LV systolic and diastolic dysfunction worsen as total LV mass increase. Parameters for carotid arterial function and IMT showed worse values in concentric geometry, whereas LV systolic and diastolic function were worse in hypertrophic geometry, suggesting a discrepancy between carotid arterial and LV function in hypertensive patients. Such discrepancy may be due to a difference in arterial and cardinal adaptations to loading conditions in LV remodeling. 1, 18 Concentric geometry is more dependent on pressure overload and, thus, more related to cerebrovascular events and carotid parameters. 19, 20 
Carotid, left ventricular function and geometry HE Park et al
In contrast, eccentric geometry is more dependent on volume overload, 1,21 --23 and circumferential wall tension obtained by Laplace's law is higher. 23 Higher wall tension may be associated with poor LV function, which is reflected by worse prognosis associated with eccentric hypertrophy compared with concentric remodeling. 6 In the present study, the common carotid arteries showed increased stiffness in concentric geometry. Alterations in cardiac structure induced by hypertension probably proceed together with alterations in arterial wall structure. 24, 25 These carotid artery changes are clinically important because higher IMT, circumferential wall stress, and carotid wall stiffness are associated with increased cerebrovascular events such as stroke and asymptomatic cerebrovascular damage. 26 --28 In stiff carotid arteries, local pulse pressure is increased, which may influence structural and functional changes of the intracranial vessels. Higher local pulse pressure may also increase carotid wall thickness and promote the development of plaques and stenosis, as well as the rupture of unstable plaques, which may explain the increased cerebrovascular events in these patients.
Cardiac parameters appeared in a different pattern from carotid parameters. LV systolic function was significantly lower in hypertrophic geometry than in the other groups. E/E 0 ratio and LAVI, which reflect acute and chronic increase in LV filling pressure, were both significantly higher in the two groups with hypertrophy. These results are consistent with those reported by Chahal et al., 29 who showed that LVH was independently associated with significantly worse systolic and diastolic function, and higher LV filling pressure compared with normal LV geometry or non-hypertrophic concentric remodeling. The relationship between LV diastolic function and LV geometry had previously been noted in hypertensive patients. 30 --32 Previous studies have shown a higher incidence of cardiac events with eccentric hypertrophy than with concentric remodeling. Koren et al. 15 and Ghali et al. 6 reported a stepwise increase in mortality from normal geometry to concentric remodeling, eccentric LVH and concentric LVH. In addition, eccentric LVH moderately increased the risk of death compared with normal geometry, whereas no substantial increase was noted with concentric remodeling. 6 With increasing RWT, carotid parameters showed positive correlation whereas LV systolic function showed negative correlation with LVMI, which, in part, was close to previous report from the MESA study. 11 Although prognosis of patients was not evaluated, we have shown similar pattern to that reported by the MESA study, with parameters reflecting carotid stiffness increasing with a greater RWT.
Clinical implications
From this study, we have found different adaptive patterns of carotid and cardiac parameters. It is known that LVH develops in patients with hypertension and LVH is associated with poor cardiovascular outcome such as heart failure. We have shown similar results, with worse cardiac function in patients with hypertrophic changes of LV. LV systolic and diastolic function showed greater association with total LV mass, which may be due to greater wall tension in greater LV mass. However, carotid indices showed somewhat different patterns. Worse carotid mechanical indices were found in patients with concentric LV geometry rather than hypertrophic LV geometry, and it may be associated with higher LV afterload. Thus, greater RWT implying more concentric geometry of LV is associated with worse carotid functions, whereas greater LVMI implying more hypertrophic geometry of LV is associated with worse LV function. As we have shown, the intracardiac and extracardiac changes have shown different adaptive patterns according to hemodynamic status and associated geometrical changes of LV. Geometrical changes in hypertensive patients may give us additional information of functional changes in carotid and cardiac parameters. For example, higher local pulse pressure may influence structural and functional changes of the intracranial vessels and carotid wall thickness, and promote the development of plaques and stenosis, as well as the rupture of unstable plaques, which may explain the increased cerebrovascular events in these patients. Thus, when evaluating hypertensive patients, different LV geometrical changes should be interpreted differently. Although we could not provide long-term outcome data in this study, previous reports suggest different patterns of outcome according to LV geometrical changes, which should also be considered when managing hypertensive patients. Limitation This is a cross-sectional study and, thus, we could not prove causal relationships of different LV geometry. The impact of different patterns of carotid and LV function should be assessed with longterm cardiovascular and cerebrovascular outcomes in future studies. Further, patient information regarding the duration of hypertension or antihypertensive medication was not available for analysis.
CONCLUSION
From this study, we found that changes in carotid and cardiac parameters show different patterns according to LV geometry in hypertensive patients. The carotid parameters are worse in concentric geometry with greater RWT, whereas cardiac parameters are worse in hypertrophic geometry with greater LVMI. We suggest different loading status as a cause of different geometrical changes, which also causes different arterial and ventricular changes. Adjusted for systolic and diastolic blood pressure, heart rate, use of b blocker, stroke volume, cholesterol, triglyceride, LDL-cholesterol, creatinine, and RWT. Adjusted for systolic and diastolic blood pressure, heart rate, use of b blocker, stroke volume, cholesterol, triglyceride and HDL-and LDL-cholesterol, creatinine and LVMI.
What is known about this topic LVH in hypertensive patients is an independent predictor of cardiovascular mortality; concentric LVH confers a worse prognosis than eccentric LVH. Different clinical manifestations related with LV geometry was noted, and cardiac and cerebrovascular outcomes were related to different LV parameters.
What the study adds
Greater relative wall thickness implying more concentric geometry of LV is associated with worse carotid functions. Greater LV mass index implying more hypertrophic geometry of LV is associated with worse LV function. We suggest different loading status as a cause of different geometrical changes, which also causes different arterial and ventricular changes.
